The enigma of the emergent ferromagnetic state in tensile-strained LaCoO3 thin films remains to be explored because of the lack of a well agreed explanation. The direct magnetic imaging technique using a low-temperature magnetic force microscope (MFM) is critical to reveal new aspects of the ferromagnetism by investigating the lateral magnetic phase distribution. Here we show the experimental demonstration of the rare halved occupation of the ferromagnetic state in tensilestrained LaCoO3 thin films on SrTiO3 substrates using the MFM. The films have uniformly strained lattice structure and minimal oxygen vacancies (less than 2%) beyond the measurement limit. It is found that percolated ferromagnetic regions with typical sizes between 100 nm and 200 nm occupy about 50% of the entire film, even down to the lowest achievable temperature of 4.5 K and up to the largest magnetic field of 13.4 T. Preformed ferromagnetic droplets were still observed when the temperature is 20 K above the Curie temperature indicating the existence of possible Griffiths phase. Our study demonstrated a sub-micron level phase separation in high quality LaCoO3 thin films, which has substantial implications in revealing the intrinsic nature of the emergent ferromagnetism. 
I. INTRODUCTION
The correlated oxide thin films and their interfaces represent a rich platform in exploring novel magnetic phenomena, which are absent in their bulks [1] [2] [3] [4] [5] [6] [7] . The direct imaging of magnetism in the lateral direction has played a key role in resolving the underlying physics of some extraordinary magnetic phenomena, such as the colossal magnetoresistance effect [8] [9] [10] [11] [12] . Very recently, the scanning superconducting quantum interference device (SQUID) microscopy has revealed lateral magnetic distributions in the LaAlO3/SrTiO3 two-dimensional electron gas [13] and ultrathin LaMnO3 films [14, 15] . The magnetic force microscopy (MFM) has an advantage over the scanning SQUID by being able to operate under much higher fields. Recent improvements of the force measurement technique have warranted the high accuracy in charactering small signals of ultrathin films [16, 17] . Thus it is particularly privileged in exploring magnetic phase distributions of ultrathin films under high magnetic fields.
The tensile-strained LaCoO3 ultrathin film is a puzzling example of emergent magnetism in correlated oxide heterostructures. The LaCoO3 single crystal exhibits a diamagnetic low-spin state (S=0) below 90 K, above which a small amount of Co atoms are thermally activated to the intermediate-spin state (S=1) or high-spin state (S=2) and the system transits to a paramagnet [18] [19] [20] . When LaCoO3 thin films are tensile strained, it surprisingly turns into a strong ferromagnet with a Curie temperature (Tc) as high as 85 K [21, 22] . It is generally accepted that the tensile 4 strain is necessary to induce the ferromagnetism (FM) while the compressive strain is not much effective [23, 24] . Alternatively, some scanning transmission electron microscopy (STEM) studies have found densely ordered stripes of oxygen vacancies and suggested the correlation between the FM and the oxygen vacancy ordering [25] [26] [27] . However, both soft and hard X-ray absorption measurements prescribed an upper limit of oxygen vacancies that is significantly lower than those suggested by STEMs [28] [29] [30] [31] [32] . More recent STEM studies reported that stripes can be induced by elongated exposures to electron beams [33, 34] . There are also suggestions that the FM is correlated to the ferroelasticity [30, 32] or the octahedral rotation pattern change [35] .
To date, the origin of the FM in LaCoO3 films is still being highly debated.
Nevertheless, almost all experiments in high quality LaCoO3 films on SrTiO3 substrates demonstrate agreeable magnetic properties: a saturation magnetization of about 1 μB/Co and a Curie temperature of about 85 K. The existing theories primarily assume simple magnetic distributions, such as the uniform Co 3+ intermediate spin state [36] or the Co 3+ high spin -Co 3+ low spin checkerboard state [37, 38] . The former leads to a conducting state which is contrary to the experiments, while the latter leads to a saturation magnetization that is twice of the experimental value. It is noted that nanoscopic phase separations have been observed in hole-doped La1-xSrxCoO3 films [39, 40] . Although an MFM study has been conducted in LaCoO3 films with substantial amount of structural defects [41] , it has not been done in high quality films. Therefore, a magnetic phase distribution study of the high quality 
II. RESULTS AND DISCUSSION
The STEM high-angle annular dark-field (HAADF) image of the 30 unit cell LaCoO3 film on the SrTiO3 substrate shown in Fig. 1 The Co valence of LaCoO3 films is measured by X-ray absorption spectroscopy (XAS) and X-ray absorption fine structure (XAFS). The XAS was performed using the total electron yield (TEY) method, and XAFS was performed using the total fluorescence yield (TFY) method. The TEY is surface sensitive while the TFY detects the entire film thickness [42] . The measured Co valences with experimental uncertainties are shown in Fig. 1 The vertical lattice constant is calibrated to be ~3.8 Å, which agrees to the overall c of But the MFM measurements show that the short range FM order occurs at a much higher temperature than the Curie temperature. Previously local FM ordered regions were rarely directly measured above the Curie temperature. Theoretically, such occurrence of short range FM orders in the temperature range of TG>T>TC was ascribed to the Griffiths singularity due to the random disorder [45, 46] . TG is the intrinsic ordering temperature in the system free of disorders. Random A or B site disorders which are the typical causes of Griffiths phases in doped manganite oxides 
III CONCLUSION
To summarize, we successfully grew tensile-strained LaCoO3 ultrathin films with high structural and stoichiometric qualities by pulsed laser deposition and performed the MFM imaging measurements to directly probe the microscopic magnetic state.
We found that the FM regions with typical sizes between 100 and 200 nm occupy about 50% of the entire film, while the rest of the film is non-FM down to the lowest 
APPENDIX: METHODS
Sample preparation and surface morphology characterizations. The LaCoO3 films with different thicknesses were deposited on TiO2-terminated SrTiO3 (0 0 1) substrates using pulsed laser deposition (PLD) monitored by reflection high-energy electron diffraction (RHEED). Before deposition, the SrTiO3 substrates were chemically treated in buffered Hydrofluoric acid and then annealed at 930 C in an oxygen atmosphere, to create atomically smooth surfaces with one-unit-cell-high terraces. The LaCoO3 films were deposited using a laser fluency of 2 J/cm 2 and the frequency was set at 1 Hz. The film growth temperature and the oxygen partial pressure were 750 C and 25 Pa, respectively. The surface morphology was characterized using a Bruker
Multimode AFM system or Zeiss SEM system.
Structural and Co valence characterizations. Detailed information of XRD, XAS,
XAFS and STEM measurements could be found in a previous paper [31] . The Synchrotron XRD measurements were carried out on BL14B1 at Shanghai Synchrotron Radiation Facility. The RSM were measured using a Rigaku Smartlab high resolution XRD. The Co L-edge XAS measurements were performed on BL6.3.1.2 at the Advanced Light Source (ALS) of Lawrence Berkeley National Laboratory (LBNL) and BL12B-a at the National Synchrotron Radiation Laboratory (NSRL) of USTC. The Co K-edge XAFS measurements were carried out on BL14W1
of SSRF in China. The valence calculation follows the same method as in reference [31] . The spherical-aberration corrected HAADF-STEM images and EELS results were acquired on a JEOL ARM200F microscope operating at 200 kV. The specimens were prepared using focused ion beam (FIB) along the pseudocubic (100) direction.
In our STEM-HAADF measurements, we carefully avoided elongated measurements.
Our HAADF images with typical size of 1024×1024 pixels were taken with a speed of 18 μs/pixel and the total exposure time to the electron beam (200 keV) is less than 20 sec.
Bulk magnetization measurements. The in-plane and out-of-plane magnetic measurements were performed in a Quantum Design SQUID vibrating sample magnetometer system. Quartz specimen holders with the minimum background signal were used to achieve a super high sensitivity, up to 10 -9 emu. The M-H loops were obtained with an applied magnetic field from -3 to 3 T. The exchange bias measurements were done by measuring M-H loops after ±3 T field cooling to low temperatures. The M-T curves were obtained with an applied field of 500 Oe when the temperature was increasing after field cooling to the lowest temperature.
MFM measurements and statistical analyses.
A home-built MFM system that can be inserted into a 20 T superconducting magnet was used to measure the topography and magnetic images. The details of the instrument can be found in Ref. [12, 49] . In brief, the interaction between the magnetically coated tip and local magnetic field gradient 
